Objective To determine whether cerebroplacental ratio, an indicator of fetal cerebral redistribution (FCR), predicts adverse results for neurodevelopment in intrauterine growth restriction (IUGR) infants. Methods In a cohort of 5,702 infants, 64 were IUGR born at term with FCR. Five were excluded. Of the remainder, 32 presented an abnormal cerebroplacental ratio (IUGR-A) and 27 a normal one (IUGR-B). The controls were 61 appropriate-for-gestational-age children. Cognitive and academic outcomes and the odds ratio of lower academic scores were assessed by multivariate analysis of covariance and logistic regression. Results IUGR-A children presented deficits in cognitive functioning and academic achievement in all domains. IUGR-B children presented slight deficits. Suboptimal cognitive functioning in IUGR-A was more marked in working memory. Abnormal cerebroplacental ratio predicted low academic scores in IUGR-A. Conclusions FCR is a risk factor for IUGR infants, and cerebroplacental ratio identifies those most severely affected. Intervention programs may produce benefits in early-middle childhood.
Introduction
Intrauterine growth restriction (IUGR) infants born at term are known to present increased morbidity and mortality during the neonatal period, in comparison with appropriate-for-gestational-age infants (Murata, Nakata, Sumie, & Sugino, 2011) . Fetal Doppler velocimetry is a reliable means of predicting adverse outcomes of restricted fetal growth (Meher, Hernandez-Andrade, Basheer, & Lees, 2015) . However, the association between IUGR, documented by Doppler ultrasound, and neurodevelopment during childhood has received little research attention (Murray et al., 2015) .
Growth restriction, with respect to the potential development of IUGR infants, is most commonly associated with chronic hypoxia and malnutrition owing to placental insufficiency (Figueras & Gardosi, 2011) . The fetus hemodynamically adapts to this pathology (detected by an increase in the umbilical artery pulsatility index-UAPI) through the vasodilation of cerebral circulation (detected by a decrease in the middle cerebral artery pulsatility index-MCAPI) (Berkley, Chauhan, Abuhamad, & Society for MaternalFetal Medicine Publications Committee, 2012) . Hemodynamic adaptation with cerebral redistribution takes place to preserve the preferential supply of oxygen and nutrients to the brain (the "brain-sparing effect") (Cohen, Baerts, & van Bel, 2015) .
However, MCAPI and UAPI by themselves are less sensitive in predicting adverse perinatal outcomes than either their ratio (MCAPI/UAPI) or the cerebroplacental ratio (Murata et al., 2011) . Various approaches have been taken to interpreting the cutoff for abnormal cerebroplacental ratio, including a fixed value of <1.08 or one of "below the 5th percentile for gestational age. " Odibo, Riddick, Pare, Stamilio, & Macones (2005) show that both parameters achieve similar levels of efficiency. In the present study, the "below the 5th percentile for gestational age" cutoff is used, among other reasons, because it presents a higher degree of sensitivity. This has been demonstrated in a cross-sectional study (Baschat & Gembruch, 2003) and a longitudinal one (Ebbing, Rasmussen, & Kiserud, 2007) . Moreover, we wish to minimize the number of nondetected infants so that an early intervention can be made when necessary.
Cerebroplacental ratio below the 5th percentile for gestational age is an important predictor of adverse outcome (OR ¼ 5.2; Odibo et al., 2005) and an indicator of fetal cerebral redistribution (FCR) (Morales-Rosell o et al., 2014) , which has implications for assessment of the development of full-term IUGR infants with FCR, and for the well-being of their families (DeVore, 2015) .
It is well established that the neurological development of growth-restricted babies with FCR is related to a higher risk of problems during infancy and toddlerhood (Eixarch et al., 2008; Meher et al., 2015) . By contrast, the possible impact of cerebral redistribution on long-term development (assessed at school age) has received little research attention, and the results that have been obtained are less conclusive, especially for IUGR infants at term (Arcangeli, Thilaganathan, Hooper, Khan, & Bhide, 2012) .
Thus, a study comparing at term IUGR versus control infants found that, by the age of 6-7 years, those with IUGR obtained Intelligence Quotient (IQ) scores normal for their age but significantly lower than those achieved by the controls, with the greatest differences being observed in performance IQ (Leitner et al., 2000) . Other studies, however, have reported that IUGR infants present lower levels of performance and verbal IQ than controls (Yanney & Marlow, 2004) .
Some studies have examined the consequences in adulthood of being born small-for-gestational-age and IUGR at term, showing that this population suffers cognitive deficits (Tideman, Mars al, & Ley, 2007; Løhaugen et al., 2013) , especially with respect to attention, executive functions, auditory memory, performance speed and fine motor function (Østgård et al., 2014) , and also has learning difficulties, which may be aggravated when the child lives in poverty (Nomura et al., 2009 ). Other authors have performed long-term studies of full-term small-for-gestationalage infants (from age 5, 10, 16 years to adulthood), and have concluded that the academic and professional achievement of these infants is adversely affected (Strauss, 2000) . A recent study showed that the impairment is more severe when growth restriction is accompanied by cerebral redistribution (Murray et al., 2015) . Therefore, every effort should be made in early and middle childhood, as children in this age-group have "good plasticity," capacity and their real-world opportunities can be aligned (Schaffer & Geva, 2016) , thus contributing to minimizing the long-term negative effects of IUGR. To take such remedial action, indicators must be identified, to provide early warning signs. In this respect, recent studies have concluded that cerebroplacental ratio provides the most sensitive and specific Doppler index of cerebral redistribution (DeVore, 2015; Morales-Rosell o et al., 2014) .
In the present study, we hypothesize that IUGR infants with abnormal cerebroplacental ratio will have cognitive and academic deficits during middle childhood and that this ratio is a predictor of these deficits. To determine these questions, we first examine possible differences between IUGR infants with FCR born at term and abnormal cerebroplacental ratio (<5th percentile) or a normal ratio (>5 th percentile) versus control infants, as regards cognitive functioning and academic achievement at age 6-8 years. We then examine the association between abnormal cerebroplacental ratio and the academic results obtained by IUGR infants, to predict the likelihood of underachievement, and establish alerts for early intervention as necessary.
Methods

Study Population
A retrospective cohort study of cases and controls was performed. The participants were identified from a cohort of 5,702 single infants born alive between September 2005 and December 2006 at the Virgen de las Nieves University Hospital (a level III perinatal center in Granada, Spain) and then recruited for the follow-up study at 6-8 years. This study was approved by the hospital's Medical Ethics Committee.
The case group was constituted of consecutive infants with the following inclusion criteria: singleton pregnancy, gestation at term (>37 weeks), birth weight <10th percentile according to local standards (Carrascosa et al., 2008) and abnormal MCAPI (<5th percentile). The infants included in this group all had late-onset (third trimester) fetal growth retardation, verified by Doppler ultrasound.
According to recent research findings, Doppler measurements are related to the neurodevelopmental outcomes of growth restriction infants, although certain discrepancies are apparent. Thus, one study reported that small-for-gestational-age infants with normal UAPI have a low degree of development (Savchev et al., 2013) , while another noted that an abnormal UAPI is not associated with low scores in development (Llurba, Baschat, Turan, Harding, & McCowan, 2013) . On the other hand, Murata et al. (2011) showed that cerebroplacental ratio is more sensitive and specific than MCAPI and UAPI in predicting adverse perinatal outcomes. Taking this background into account, in the present study, the cases were classified according to cerebroplacental ratio into two groups: IUGR-A infants at term with abnormal cerebroplacental ratio (<5th percentile), abnormal MCAPI, and abnormal UAPI (>95th percentile); and IUGR-B infants at term with normal cerebroplacental ratio (>5th percentile), abnormal MCAPI, and normal UAPI (<95th percentile).
The control group of infants with full-term gestation (>37 weeks) and appropriate-for-gestational-age (birth weight between 10th and 90th percentiles according to local standards) was formed by selecting a child of the same gender and maternal educational level (primary school, high school, and college/university education) within 61 week of each infant with IUGR.
Exclusion criteria for both cases and controls were parental drug consumption, congenital malformation (including chromosomopathies and infections), low Apgar score (<7 at 5 min), signs of fetal acidosis (pH < 7), vision/hearing impairment, cerebral palsy and nonnative speaker of Spanish.
In total, 128 children aged 6-8 years were selected for the study groups. Of these, 64 were IUGR born at term with cerebral redistribution (see flowchart in Figure 1 ). Five of these infants were then excluded: one had pH < 7, one presented a 5-min Apgar score < 7, one was diagnosed with hearing impairment, one was excluded because parental consent was refused, and one because the mother tongue was not Spanish. The remaining 59 IUGR infants were available for evaluation and follow-up at age 6-8 years. Of these infants, 32 were IUGR-A (with abnormal cerebroplacental ratio) and 27 were IUGR-B (with normal cerebroplacental ratio). Of 64 children identified as potential controls, informed consent was refused for 3, leaving 61 controls aged 6-8 years.
Measures and Procedures
Doppler ultrasound examinations were conducted at the prenatal stage by experienced gynecologists using a General Electric Voluson E8 (GE Medical Systems, Zipf, Austria). The cerebroplacental ratio was calculated as the quotient of MCAPI and UAPI. Values below the 5th percentile at the last examination within 1 week of delivery were considered abnormal and a sign of FCR (Morales-Rosell o et al., 2014; Odibo et al., 2005) .
Neurological status at birth was determined by clinical assessment performed by a pediatrician, examining posture, behavior, spontaneous movements, muscle tone, crying, and reflexes (Moro, rooting, sucking, grasping, stepping/walking) (Queensland Clinical Guidelines, 2009 ). Growth status was assessed by reference to height, weight, and head circumference (Carrascosa et al., 2008) , and the 5-minute Apgar score. No obvious neurological abnormalities were apparent in any of the case subjects, who were followed up in a periodic review by the pediatrician, following hospital guidelines and in accordance with those of the American Academy of Pediatrics (Hagan, Shaw, & Duncan, 2008) .
At age 6-8 years, the neurological status of the cases and controls was reviewed and a pediatric examination conducted to confirm the absence of neuropediatric disorders, including visual/auditory deficiencies, slight alterations in muscle tone and "soft" neurological signs. The following aspects were evaluated: praxis (ability to execute motor actions by imitation or in response to a verbal order), gnosis (the perception, recognition, and naming of stimuli), and synkinesis (the presence of unnecessary, non-proactive movements, together with purposeful movement) (Campistol, 2011) .
Cognitive functioning and academic achievement were assessed at age 6-8 years by a psychologist expert in child neurodevelopment (blinded to the Doppler data), using the following tests.
Wechsler Intelligence Scale for Children, Fourth Edition (WISC-IV, 2003 ), Spanish version (2005 . This updated version of the WISC provides five composite scores: the index of overall intellectual capacity (Full Scale IQ) and four specific indices: Verbal Comprehension Index, Perceptual Reasoning Index, Working Memory Index, and Processing Speed Index (mean ¼ 100, SD ¼ 15).
Bater ıa III Woodcock-Muñoz Test of Achievement (Muñoz-Sandoval, Woodcock, McGrew, & Mather, 2005) is the parallel Spanish version of the Woodcock-Johnson III test (Woodcock, McGrew, & Mather, 2001) . It includes 22 tests, which are grouped into broad reading, broad written language, and broad mathematics (mean ¼ 100, SD ¼ 15).
The Home Observation for Measurement of the Environment (HOME) method (Bradley & Caldwell, 1984; Palacios, Lera, & Moreno, 1994) consists of a structured interview with the family, from which a scale is derived to measure the quality of stimulation and support received by a child in the family home. The administration of this instrument was systematized and carried out in the participants' homes, giving all of them the same instructions and reading out the items one by one. Raw scores were used for data analysis.
In the first interview, the parents of the cases and controls signed the informed consent, and the HOME method was applied.
The psychological tests were given to the children by a psychologist in a room at the Virgen de las Nieves University Hospital designated for this purpose.
Data Analyses
Quantitative and qualitative data were compared by Student's t-test and the Mann-Whitney U test and Pearson's chi-square test, respectively. Differences were considered significant at p < .05. The values of the variables with a normal distribution are expressed as the mean (6 SD), and those of the variables with a nonnormal distribution, as the median (interquartile range).
Neurodevelopmental outcomes of IUGR-A and IUGR-B infants versus controls at 6-8 years old were analyzed by multivariate analysis of covariance (MANCOVA), with the group factor and the following dependent variables: cognitive functioning (full scale IQ, verbal comprehension index, perceptual reasoning index, working memory index, processing speed index) and academic functioning (broad reading, written language, and mathematics). The covariates were chosen taking into account the differences between the groups and their possible association with the dependent variables. HOME revealed group differences that may influence cognitive and academic results (Downer & Pianta, 2006) . Gestational age at delivery presents variability, because the subjects were born "at term," a parameter which covers a 6-week interval from 37 to 42 weeks. According to some authors, even within the "normal term" range, gestational age is a predictor of academic achievement (Noble, Fifer, Rauh, Nomura, & Andrews, 2012) . Therefore, the covariates included were HOME and gestational age at delivery.
For the MANCOVA models, multivariate significance of the F-value was assessed using Wilk's lambda p-value.
To determine whether cerebroplacental ratio is a predictor of low academic scores in IUGR infants, a logistic regression model was created, adjusted by the same group of covariates. This model evaluates the probability of IUGR infants presenting lower academic scores (<1 SD) than appropriate-forgestational-age infants. Variables with p < .05 and an odds ratio with 95% CI not inclusive of unity in the multivariate analysis were considered to be statistically significant independent variables (predictors) in the model.
The Statistical Package for the Social Sciences (SPSS 20.0; SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.
Results
The characteristics of the sample are described in Table I , with demographic characteristics such as maternal age, parity, and education; measures related to maternal health, such as body mass index, smoking, and other risk factors (hypertension, diabetes); perinatal outcomes such as growth data (weight, height, head circumference); data relating to health and fetal well-being such as Apgar score, pH, neonatal intensive care unit (NICU) admission; and gestational age at birth and type of delivery. Data are also included on the children's growth at age 6-8 years and on the family environment (HOME).
With respect to the maternal characteristics, significant differences in risk factors were observed between both of the IUGR groups and the control group, but there were no differences regarding maternal age, primiparous, body mass index, or smoking. As expected, there were no significant differences regarding maternal educational level, as this was a matching criterion.
With respect to perinatal outcomes, the IUGR groups had significantly lower anthropometric scores (birth weight, height, and head circumference) versus the controls (Table I) . Follow-up anthropometric measurements at age 6-8 years revealed no differences, except in head circumference for the IUGR-A infants versus the controls (t ¼ 2.144, p ¼ .048).
There were more admissions to the NICU in both IUGR groups. Gestational age was lower in the IUGR-A group. Cesarean delivery owing to suspected fetal distress was more frequent in the IUGR-A group. There were no differences in acidosis at birth (umbilical artery pH). None of the infants had a 5-min Apgar score < 7. There were no differences in gender, which was expected, as this too was a matching criterion.
Cognitive Outcomes
The results for cognitive functioning at age 6-8 years, according to the five composite scores measured by WISC-IV, show that the IUGR-A children presented lower scores than the appropriate-for-gestational-age children for all measures of cognitive functioning: verbal comprehension, perceptual reasoning, working memory, processing speed and full scale IQ (Table II) , and effect sizes ranging from 0.68 to 0.98 (Cohen's d) .
Larger differences were observed in working memory. In contrast, the IUGR-B infants presented lower scores than the appropriate-for-gestational-age children only for verbal comprehension with effect size 0.57 and working memory with effect size 0.51 after adjusting for potential confounders (gestational age at delivery and HOME).
Academic Achievement
Analysis of the differences in academic achievement between the cases and the controls showed that the IUGR-A infants presented significantly lower scores than the controls in the broad academic domains: reading, written language, and mathematics (Table II) , and effect sizes ranging from 0.75 to 0.94 (Cohen's d).
The differences were larger in mathematics. On the other hand, the IUGR-B infants only presented low scores in broad mathematics (Table II) , effect size 0.45. This difference persisted after adjustment for the same group of potential confounders.
Relation Between Cerebroplacental Ratio (as an Indicator of Fetal Cerebral Redistribution) and Academic Achievement
Multiple logistic regression analysis was performed to test the contribution of abnormal cerebroplacental ratio to the prediction of poor academic outcomes (reading, writing, and mathematics <1 SD) at 6-8 years, adjusting for the same potential confounders as in MANCOVA.
The IUGR-A infants had a higher frequency of low scores in every domain: in broad reading, these were 2.38 times greater (95% CI: 1.15-4.91; p ¼ .019), in broad written language, 6.07 times greater (95% CI: 1.83-20.05; p ¼ .003), and in broad mathematics, 9.79 times greater (95% CI: 2.03-47.15; p ¼ .004) than in the controls (Table III) .
Discussion
The main aim of this study was to determine whether cerebroplacental ratio, as an indicator of FCR, is a predictor of adverse long-term neurodevelopment in IUGR infants. In doing so, we found that IUGR-A infants with abnormal cerebroplacental ratio, born at term, have cognitive functioning deficit in all domains assessed, compared with control peers, at age 6-8 years, while IUGR-B infants with normal cerebroplacental ratio present deficit only in verbal comprehension and working memory. Moreover, IUGR-A infants differ in all academic domains-reading, writing, and mathematics-from the controls, while IUGR-B differ only in mathematics. In addition, the probability of achieving scores <1 SD in broad reading, writing, and mathematics is significantly higher among IUGR-A infants with abnormal cerebroplacental ratio. These results suggest that FCR is a risk factor Note. Data are given as mean 6 SD. MANCOVA adjusted for gestational age at delivery and HOME. IUGR ¼ intrauterine growth restriction.
*IUGR with abnormal CPR versus controls. **IUGR with normal CPR versus controls.
for IUGR infants and that cerebroplacental ratio identifies those experiencing greatest weakness. These findings are consistent with previous research, which has reported associations between cerebral redistribution and neurodevelopmental outcome. Earlier studies have found that small-forgestational-age full-term fetuses with cerebral redistribution have a higher risk of subtle neurodevelopmental deficits at 2 years of age (Eixarch et al., 2008) . A recent review of neurodevelopment outcomes for IUGR children in childhood, documented in utero, reported evidence that FCR is associated with an additional 0.50 SD impairment among IUGR infants born 35 weeks' gestation during childhood (Murray et al., 2015) . Furthermore, DeVore (2015) considers cerebroplacental ratio to be a useful tool for assessing fetal well-being, and identifies three types of abnormal ratio, depending on whether the MCA and UA Doppler indices are normal or abnormal, which would seem to indicate differing consequences for neurodevelopment. In the present study, two IUGR groups were differentiated, according to the type of cerebroplacental ratio. Thus, IUGR-A infants with an abnormal ratio at 6-8 years present delays in all areas of cognitive function, while IUGR-B infants with a normal ratio only present delays in working memory and verbal comprehension. This consistency among studies regarding the deficit suffered by these children suggests that IUGR-FCR-related deficits appear in the early years of life and persist into childhood, albeit differentially across domains.
Our results show that suboptimal cognitive functioning in IUGR-A infants is strongly apparent in working memory. More broadly, we also observe an impact in domains addressing higher-order cortical association areas, including verbal skills, visuomotor organization, abstract thinking, attention, learning, and short-term memory, which depend mainly on frontal brain activity (Friederici, 2012; Geva, Eshel, Leitner, Fattal-Valevski, & Harel, 2006; Nyhus & Badre, 2015) . IUGR is associated with a reduction in frontal volume, identifiable through magnetic resonance imaging (Tolsa et al., 2004) and sonographic biometric estimation (Makhoul et al., 2004) . Moreover, the redistribution assessed by cerebroplacental ratio <5th percentile seems to coincide with a decline in the relative perfusion to the frontal lobe in relation to other regions such as the basal ganglia (Eixarch et al., 2008) .
The question then arises: what is the magnitude of the differences observed? Previous studies have shown that IUGR children are at risk of deficit in the academic domains (Geva, 2012; Nomura et al., 2009; Strauss, 2000) , with mean effect sizes ranging from magnitude 0.31 to 0.53 (Nomura et al., 2009 ). In the current study, differences were found with a moderate to large effect size in all the areas of cognitive functioning of the IUGR-A children, and a moderate effect in the verbal comprehension and working memory of IUGR-B children. These findings show that the magnitude of the effect is greater in the IGUR-A group, thus confirming that infants in this group are at risk of presenting a deficit in cognitive functioning.
As in cognitive functioning, the IUGR-A children suffered an additional deficit in all the areas of academic achievement, and a large effect size was observed. This outcome is to be expected given the close relationship between these domains throughout middle school (Soares, Lemos, Primi, & Almeida, 2015) . Specifically, the differences that were most acute and which produced the largest effect size were observed in mathematics (Tables II and III) . These results are consistent with those of other studies, which have highlighted the relationship between working memory and mathematics in typically developing children (Friso-van den Bos, van der Ven, Sanne, Kroesbergen, & van Luit, 2013) .
In general, the conclusions drawn by studies of IUGR infants are consistent; on the one hand, that the cognitive decline observed persists into adulthood; and on the other, that this weakness has differing levels of severity, increasing if the infant also presents FCR. Currently, the cerebroplacental ratio provides the most sensitive and specific indicator of cerebral Note. Cerebroplacental ratio was tested for his contribution to the prediction of poor academic achievement. Adjusted for gestational age at delivery and HOME. redistribution. Our contribution in the present study is to show that IUGR infants with an abnormal ratio present deficits in all areas related to cognitive functioning, which is reflected in low scores for academic achievement, and therefore such an abnormal ratio predicts these poorer academic results (<1 SD). This is an interesting finding, as no such predictor of learning difficulties in IUGR children has been reported previously, although it has been observed that these difficulties are more prevalent when anthropometric catch-up is incomplete (Geva et al., 2006) . Our results are consistent with those of the latter authors, as the IUGR-A group, at 6 years of age, had not yet achieved head circumference catch-up. Another study has demonstrated the existence of a relation between fetal cerebral blood flow redistribution and a high ratio of head circumference to abdominal circumference (Hershkovitz, Kingdom, Geary, & Rodeck, 2000) . Therefore, cerebroplacental ratio as an indicator of redistribution and the probable cause of decreased head circumference might represent a valuable predictor of poor long-term academic results.
We are confident of the solidity of these findings, given the strengths of the research design, including the use of a cohort with different types of IUGR, according to the presence of normal or abnormal cerebroplacental ratio. Moreover, growth restriction was documented using Doppler indices, thus identifying this ratio as a predictor of academic deficits in children with IUGR. In addition, a detailed evaluation was made of the study variables and the tests were applied individually to each of the subjects. The study also benefited from the collaboration of the children's parents, who enabled observation of the family environment, which was assessed by the HOME method.
Despite these strengths, we acknowledge certain limitations to the conclusions we can draw from the current investigation. Our sample size was relatively small, although it was selected taking into account strict inclusion/exclusion criteria for cases and controls, and with matching criteria for both groups. In addition, the effect size measured on cognitive and academic achievement is strong, and so the associations recorded are consistent and do not appear to be greatly affected by sample size. Moreover, the covariates were taken into account in the different levels of analysis, which lends our results greater consistency and coherence.
In summary, the present study provides new knowledge regarding the neurodevelopment of IUGR children aged 6-8 years, by analyzing the relation between redistribution, as measured by cerebroplacental ratio, cognitive function, and academic performance. Our findings suggest that IUGR infants with an abnormal ratio are at increased risk. Therefore, FCR is a risk factor for these infants and the cerebroplacental ratio identifies those experiencing greatest difficulty in middle childhood. Earlyintervention programs should be developed to alleviate these weaknesses.
The strongest IUGR-FCR-related deficits are those affecting working memory and mathematics. In consequence, we believe that middle childhood should be considered the target period for the application of specific intervention programs to address the learning disabilities suffered by these children.
